Purpose: We sought to determine the analytical sensitivity of several extended exome variation analysis approaches in terms of their contribution to diagnostic yield and their clinical feasibility.
INTRODUCTION
Next-generation sequencing has significantly facilitated diagnostics and novel gene discovery in patients with rare genetic diseases, especially with the introduction of exome sequencing. 1 Despite this advancement in diagnostics of genetic diseases, a considerable proportion of cases remain undiagnosed even after exome sequencing has been performed. Although undiagnosed cases may be attributed to nongenetic factors or genetic variants outside covered regions, we hypothesized that a proportion of negative results stem from limiting exome analysis to basic inspection of singlenucleotide variations (SNVs) and small insertions or deletions (indels) in coding regions.
In addition to SNVs in coding regions of the nuclear genome, genetic diseases may be caused by pathogenic variants in noncoding regions, structural variants, mitochondrial genome variants, and several other classes of genetic variation. This is also evident from data in the ClinVar database, which is currently the largest resource of disease-associated variation, where such variants amount to almost a fifth of all genetic variants deposited. 2 Typically, exome sequencing data analysis is limited to detecting and interpreting simple genetic variants in coding regions of captured genes. Recent reports have shown that the information content of exome sequencing data exceeds the proportion currently harnessed in identification of diseaseassociated genetic variants. [3] [4] [5] [6] Furthermore, several methods for extended analysis of exome sequencing data have been described in recent years. These include various approaches for calling copy-number variants (CNVs) in exome sequencing data. 7 Breakpoint detection in sites of clusters of softclipped reads has been shown to facilitate both CNV and chromosomal translocation event detection. Furthermore, analyzing off-target reads offers the possibility to call mitochondrial DNA variants in exome sequencing data. 8 Finally, high-level analysis of simple variants offers an improved detection of variants with cryptic splice defects 9 and analysis of patterns of homozygosity has been shown useful in identification of pathogenic variants associated with recessively inherited diseases. 10 The significance of these approaches in routine diagnostic use has not yet been well characterized. Although studies have been performed to assess their significance in isolation, there is no analysis of the comprehensive contribution of employing these methods in the clinical setting. A further challenge that has not been deservingly addressed in previous studies is the additional interpretive burden introduced by increasing the numbers of variants in extended exome analysis (EEA).
In the present study we thus aimed to show the collective benefit of extended methods of exome analysis in diagnosis of patients with a wide spectrum of genetic diseases affecting various organ systems. We evaluated the contribution of EEA to diagnostic yield in 1,059 consecutive cases of rare diseases, submitted for genetic testing to our institution. Furthermore, we also estimated the relationship between an increased diagnostic rate and increased interpretive burden, which affects the feasibility of these approaches in routine diagnostic use.
MATERIALS AND METHODS
We analyzed the data for 1,059 consecutive pediatric and adult cases referred for diagnostic whole-exome and Mendeliome sequencing to our institution in the period from July 2014 to November 2016. We included a wide variety of disease categories, with the most common being central nervous system disorders, neuromuscular disorders, neurodevelopmental disorders, movement disorders, hearing loss, hereditary cancer syndromes, hereditary cardiac disorders, myopathies, kidney diseases, and connective tissue disorders. For a fully detailed list see Supplementary Table 6 online.
Sequencing was performed using a standardized series of procedures, starting with an in-solution capture of exome sequences using various capture kits, including TruSight One, TruSight Exome, and Nextera Coding Exome capture kits (all manufactured by Illumina, San Diego, CA) or Agilent SureSelect Human All Exon v2 or Agilent SureSelect Human All Exon v5 capture kits (both manufactured by Agilent Technologies, Santa Clara, CA). This was followed by sequencing on Illumina MiSeq or Illumina HiSeq 2500 platform. Illumina TruSight One panel (Mendeliome sequencing in further text) was used in a majority (93%) of cases. Since data generated using Mendeliome or whole-exome sequencing was subsequently analyzed using same procedures, results were not stratified on the basis of the nextgeneration sequencing approach. Basic analysis, including SNV and indel discovery and annotation, was performed according to Genome Analysis Toolkit Best Practices workflow. 2, [11] [12] [13] The strategy for exome data interpretation was primarily based on the combined disease and phenotype gene target definition approach we previously described. 14 For a detailed description of analytical procedures employed in basic analysis of exome sequencing data, see Supplementary Materials and Methods.
Furthermore, we employed the following approaches to expand the spectrum of genetic variation detected and improve identification of causative genetic variants: (i) CNV analysis, (ii) breakpoint detection, (ii) mitochondrial sequence analysis, (iv) detection of noncanonical splice site variants, and (v) identification of long runs of homozygosity.
Only the variants classified as pathogenic or likely pathogenic were considered in estimating positive yield, while the variants of uncertain significance (VUS) were not considered. As an essential interpretive step of the diagnostic process, all the results were evaluated by a medical doctor who specialized in interpretation of exome sequencing data, followed by evaluation by a clinical geneticist prior to reporting. In all cases, patients were seen by a clinical geneticist prior to exome sequencing diagnostics and the reported variants were clinically evaluated and discussed with them prior to reporting. We only considered and reported variants if they were classified as likely diagnostic findings and if they were compatible with the clinical presentation of referral. The brief methodological details of each utilized method are outlined in the separate sections below; for a fully detailed description of implemented methods see Supplementary Materials and Methods.
EEA methods
Details of the methods employed for EEA are available in the Supplementary Methods (sections 2.1 to 2.5). Briefly, we implemented CoNIFER software for detection of CNVs. Secondly, we searched for the presence of breakpoints by detecting clusters of soft-clipped reads in aligned exome sequencing data. Thirdly, to detect mitochondrial variants we reconstructed the mitochondrial sequence from off-target reads mapping to the mitochondrial genome. Next, we used precomputed splice effect predictions in the dbscSNV database to identify variants in noncanonical splice regions. Finally, we developed an in-house approach for detecting long runs of homozygosity and validated the regions using the HomozygosityMapper tool (www.homozygositymapper.com).
Diagnostic yield of EEA approaches
Firstly, we compared the increase of diagnostic yield for each EEA method in isolation. We then determined the collective contribution of all used methods in increasing the diagnostic yield. We counted as the added diagnostic yield all those cases where the EEA methods detected a pathogenic or likely pathogenic variant that would not have been detected by basic exome analysis approaches.
Assessment of the interpretation workload in EEA
We evaluated the anticipated increase in interpretation workload resulting from the increased number of variants, generated by EEA. For sake of comparison across different methods, we measured the number of variants that have to be surveyed for each clinically relevant finding for basic and EEA approaches. We expressed this as the ratio between cases solved and the number of variants interpreted. We termed this metric "interpretations per solved case." The difference of this ratio between basic approach and EEA reflected the additional workload (number of variants to be interpreted) that has to be invested for the increase in diagnostic yield (number of causative variants identified). This metric allowed for comparable assessment of workload increase across different exome analysis approaches used for interpretation of exome data.
RESULTS
In the present study we surveyed the increase in diagnostic yield when using EEA methods in 1,059 cases referred for exome sequencing at our institution. Analysis using the basic exome analysis for detection of simple genetic variants in coding regions of the exome identified a likely genetic cause in 402 cases, representing a baseline diagnostic yield of 38.0%. Using EEA, we established a diagnosis in a further 44 cases, increasing the diagnostic yield by 4.2% to an overall 42.2%. The breakdown of results for each EEA category is presented in the sections below ( Figure 1) . Also shown below are four examples of visual representations of diagnostic finds for several EEA approaches ( Figure 2) . A summary and overview of reported variants found using EEA are shown in Table 1 . 
CNV analysis
Using CNV analysis we identified a likely genetic cause in 19 cases ( Table 1) , which contributed a 1.8% increase to the total diagnostic yield.
On average, we identified 1.6 CNVs in each patient's exome (SD = 3.0), which included common and rare structural variants. The number of detected CNVs was mostly affected by target capture protocol, sequencing coverage, and quality of input DNA samples. As expected, we observed over twice as many duplication events (69.2%) as deletions (30.8%).
On average, the size of called CNVs was within 1 Mb range, with mean size of 442 kb (SD = 955 kb). The majority of observed CNVs were smaller than 1 Mb (88.3%) with 1.3% ultimately reported as causative. The remaining larger CNVs (>1 Mb) represented 11.7% of detected CNVs and were more often reported as causative (8.3%).
Of the reported CNVs, we identified major structural variants in two cases, specific microdeletions or microduplications in eight cases, and intragenic deletions in nine cases. All the identified CNVs were considered to be diagnostic; the major structural rearrangements, microdeletions, and microduplications identified could be attributed to well-established structural variation syndromes that aligned with the clinical presentation of referral. Furthermore, all the intragenic deletions and duplications were identified in genes with compatible phenotypic consequences and where exonic deletions and duplications were an established pathogenic mechanism.
In all reported cases, we confirmed the presence of the variants using either array-based comparative genomic hybridization, multiplex ligation-dependent probe amplification, or specific polymerase chain reaction-based approaches. Additionally, we identified VUS in an additional three cases.
A detailed list of all reported variants along with their coordinates can be found in Supplementary Table 1 .
Breakpoint analysis
Breakpoint analysis has revealed genetic cause in four cases ( Table 1) , which represented a 0.4% increase in diagnostic yield. Specifically these cases included an upstream deletion of VHL gene in a patient with suspected Von Hippel-Lindau syndrome, a hemizygous intragenic deletion of UPF3B gene in a patient with autism, and an HBB gene deletion in a patient with porphyria and thalassemia minor. In all cases revealed by breakpoint analysis, the deletion event occurred in the exonic region but was too small to be detected using the CNV detection algorithm employed.
Filtering out the breakpoint variants with frequency over 1% has reduced the average number of suspect breakpoint detections to the average of 1.9 per each case (SD = 4.1).
Mitochondrial sequence analysis
Routine analysis of mitochondrial sequence variation has revealed causative mitochondrial variants in three cases ( Table 1) , contributing 0.3% to the overall diagnostic yield in our population. Of the identified mitochondrial variants, all were tracked as previously reported pathogenic variants in the MITOMAP database. In one case, causative variant was detected in homoplasmy, while in two cases we detected the variant in heteroplasmy, with minimum of 22% heteroplasmy detected in one case.
We observed the average mitochondrial coverage of 51.7 with SD of 78.3 ( Supplementary Figure 35) . Only a minor proportion of samples had median mitochondrial coverage below 15 (21.2% of cases) and thus we were able to call mitochondrial sequence variants in a majority of cases. The factor most consistently affecting mitochondrial coverage was source tissue for DNA extraction, where highest coverage was observed for DNA samples isolated from muscle tissue in contrast to lower coverage for samples isolated from peripheral blood (see Supplementary Figure 35) .
Additionally, VUS was identified in one case. On average, 3.9 variants per case passed the quality and population frequency filters (SD = 3.0) and were thus considered in the interpretation.
Noncanonical splice variant detection
Predictions of splice effect in the sequences extending consensus ± 1 and ± 2 made possible identification of causative genetic variants in further 13 cases (Table 1) , contributing 1.2% to the final yield. Interestingly, in majority nonconsensus splicing variants were detected at positions +4 and +5 (63.6% splice variants), with other splice defects detected at positions − 3, − 12, and two synonymous variants were predicted to affect splicing.
VUS were identified in two cases. On average, we reviewed 1.7 variants per case (SD = 1.6).
Identification of long runs of homozygosity
Homozygosity mapping assisted the discovery of causative variants in five cases in our cohort (Table 1) , contributing 0.4% to a total diagnostic yield. In most cases homozygosity mapping assisted in narrowing down the set of candidate genes, after no cause was identified using the conventional approach. An example of these results is the identification of homozygous single-exon deletion in the DYM gene in a patient with short stature and developmental delay. Here, we performed a targeted survey of clinically compatible genes after identification of a block of homozygosity on chromosome 18 (Supplementary Figure 30) and targeted evaluation of the coverage profile revealed the presence of the deletion, which was not observed with CNV detection algorithm. In one case, we identified causative point variants in a gene that not captured with Mendeliome sequencing (GMPPB gene), and in two cases this approach precipitated variants in novel genes that were only later discovered as associated with the referral clinical condition (GLDN and STAG3 genes) .
On average, we reviewed 0.25 variants per case (SD = 0.7).
Assessment of the interpretation workload in EEA
In basic exome analysis, 91 simple coding variants were reviewed per case. Considering the diagnostic yield of 38.0%, this meant that in terms of workload, 239 variants had to be interpreted to reach a diagnostic finding in basic exome analyses ( Figure 3) . Using the same metric, we assessed the workload incurred by the EEA approaches (raw data available in Supplementary  Table 7) . On average, all the extended exome approaches cumulatively added 9.4 variants to be additionally interpreted The ratio between reference and alternative read numbers also allowed for an approximation of the heteroplasmy levels. (d) Profile of homozygosity in a patient with undefined muscular dystrophy and a block on chromosome 3, which was ultimately revealed to harbor homozygous GMPPB pathogenic variant. The variant was not previously detected and was only detected after targeted Sanger sequencing of the gene (due to the GMPPB gene, which would otherwise not be captured on the Mendeliome panel). The plot was generated using the HomozygosityMapper tool, as described in Materials and Methods. in each case. The best variants interpreted per solved case ratio was obtained for CNV analysis, nonconsensus splice site prediction, and homozygosity mapping approaches in which 50 to 140 additional variants had to be inspected to diagnose an additional patient ( Figure 3) . The ratios were less favorable for breakpoint detection and mitochondrial sequence analysis, where an additional 513 and 1,264 variants had to be reviewed to diagnose an additional case, respectively ( Figure 3) . Expectedly, we observed a favorable impact of aggregating EEA variants in a local database on the number of variants that have to be manually evaluated. Similarly to SNVs (Figure 4) , we expected that this beneficial effect would also be observed for other types of genetic variants. As an example, the CoNIFER software used for CNV detection inherently filters out common CNVs as the number of analyzed cases increases. In line with this, we noted that the number of CNVs was reduced from an average of 30 per sample in the beginning of the implementation to an average of three per sample, when all the collected data was included in the CoNIFER analysis. Similarly, we constructed an in-house database of breakpoints and removed those that occurred in over 1% of samples from further analyses. The implementation of the in-house breakpoint database resulted in reducing the number of breakpoints for interpretation from an average of 100 to 30 breakpoints per sample (Figure 3) . The integration of databases of locally common variants collected in-house into the EEA algorithm thus appeared to facilitate the interpretation of clinically relevant findings by significantly reducing the number of variants to be interpreted.
DISCUSSION
In the present study, we have shown that comprehensive utilization of the presented approaches increased diagnostic yield from 38.0% to 42.2% in the sample set of 1,059 cases. Among the EEA approaches used, we found that CNV detection and nonconsensus splice site prediction contributed most towards the increase of diagnostic yield. Our analysis of impact on workload due to additional variants of EEA has shown a favorable workload-to-yield relationship, demonstrating the feasibility of introducing them in daily routine use.
Although exome sequencing has significantly improved diagnosis of rare genetic conditions, a significant proportion of the cases with likely genetic etiology remain undiagnosed even after exome sequencing. 14 While part of these cases likely remain undiagnosed due to having pathogenic variants in noncoding or noncovered regions, we show that a considerable proportion of undiagnosed cases may be attributed to limited analysis in current routine exome diagnostics (4.2%). It has been shown that numerous types of variation in addition to currently analyzed variants can be detected in exome sequencing data, but only a few studies have systematically surveyed the proportion of cases where these extended analyses may be of benefit. 8 In the present study, we characterized the improvement in diagnostic yield due to systematic use of these approaches and delineated their relative contribution. We have shown that CNV analysis and nonconsensus splice site analysis contributed most to the diagnostic yield, while other approaches contributed to a lesser extent.
It is challenging to anticipate the mutational mechanism underlying a suspected genetic condition in patients. This often results in prolonged diagnostic process and use of multiple genetic tests in consecution, before a conclusive diagnosis is reached. This is evidently reflected in our results, where we identified a considerable proportion of causative CNVs (1.8%) and mitochondrial variants (0.3%) in cases where variants in nuclear DNA were initially considered a primary cause of the disease. One notable example was a case with predominant presentation of hypotonia and motor delay, which was suspected to be a monogenic myopathy. To quantify workload, we used the ratio between the number of variants interpreted and cases solved. This ratio effectively reflected the number of variants that have to be interpreted to reach diagnosis in one additional case. While the basic exome analysis had an average ratio of 239 variants per solved case, the combination of CNV analysis, splice analysis, and homozygosity mapping cumulatively had a comparable ratio of 277 interpreted variants per solved case. The ratio was less beneficial for breakpoint analysis as well as mitochondrial variation, likely because several mitochondrial variants were found in each patient, but they were only rarely considered for reporting.
This patient was thus referred to exome sequencing and no causative sequence variants could be identified. EEA, however, revealed that the patient carried a likely causative 22q11.2 duplication, which may manifest predominantly with severe muscle hypotonia in cases at the extreme spectrum (patient 0405, Supplementary Figure 10) . This case illustrates an example where the mutational mechanism could not have been anticipated and where the diagnosis has been reclassified after the results of our survey. Without EEA such cases would likely remain undiagnosed or would require further genetic testing to exclude the possibility of nonsequence genetic variants. Considering the comprehensive nature of exome sequencing, expansion of its scope in terms of detectable mutational mechanisms further strengthens its utility in daily diagnostic practice and contributes to earlier conclusive diagnosis. Furthermore, this expanded scope further reaffirms earlier prioritization of exome sequencing among other diagnostic approaches.
Although some recent studies have evaluated the utility of EEA approaches, most of these surveys were predominantly Figure 4 For the majority of the extended exome analysis approaches, we observed a progressive decrease of the number of interpreted variants, similar to the decrease of variants in basic exome analysis due to the growth of the in-house database of simple coding variants. With the exception of homozygosity mapping, this trend was observed in all extended exome analysis approaches. The plots present the results of analysis in the first 600 samples included in the study. *An increased number of variants due to update of the pipeline for mitochondrial sequence variant detection. **The introduction of breakpoint analysis into our pipeline in the beginning of 2016. The gray areas represent a 95% standard error interval around the trend line. CNV, copy-number variant.
focused on the technical aspects of variant detection and most were focused on detection of CNVs. Most recently, Pfundt and colleagues evaluated the impact of CNV detection on the diagnostic yield of exome sequencing in the clinical setting. 15 Interestingly, they could demonstrate a 2.0% increase in diagnostic yield, which is in agreement with our results of 1.8% increase of diagnostic yield with CNV analysis alone. Our results show, however, that the comprehensive use of EEA considerably improves this yield, ultimately reaching an overall 4.2%. To our knowledge, no studies on clinical use of other EEA approaches or their combined use have been published to date.
Interpretation of exome sequencing data involves significant expertise and time input to reach conclusive and clinically useful information. This includes balancing the load of information on one hand, with the possibility of missing or not reporting a medically relevant finding on the other. Expectedly, EEA approaches identified causative findings in considerably fewer cases in comparison to basic exome analysis. One may consider the use of EEA approaches prudent if the amount of work invested in the interpretation would result in a proportional increase in diagnostic yield. For this reason, we also systematically estimated the feasibility of routine use of EEA in terms of its impact on workload increase. We determined that CNV analysis, splice site variant analysis, and homozygosity mapping approaches had a highly favorable workload-toyield ratio. On average, the cumulative workload-to-yield ratio for these three approaches was comparable (277 interpreted variants per solved case) to basic exome analysis (239 interpreted variants per solved case). A key element in reaching this efficiency was the establishment of databases of EEA findings with the aim to improve separation of pathologic from common genetic variants and technical artifacts. We observed a consistent decrease of the interpreted variants during initial stages of collecting the first few hundreds of cases. This decline reached a plateau after 500 cases were input into our database.
Introduction of additional variant types in exome interpretation may increase the rate at which VUS and incidental findings are identified. In our study population, the rate of VUS findings increased only minimally after the introduction of EEA, with six VUS identified in addition to 93 reported in basic exome analysis (raising the VUS rate from 8.8% to 9.3%). We did not identify any findings that could be classified as incidental findings in our group, despite a relatively large sample taken into consideration. It is likely that introduction of EEA in routine analysis pipelines only marginally increases the rates of VUS and incidental findings.
Although diagnostic whole-genome sequencing (WGS) is anticipated to substitute a majority of diagnostic exome sequencing, it is our opinion that Mendeliome and exome sequencing will nevertheless be used as the cornerstone testing approach in the forthcoming years. First, due to high up-front costs, WGS is primarily available in larger facilities and outside direct reach of the majority of medical institutions. Furthermore, exome sequencing has been established as the routine testing approach in multiple institutions with a significant body of experience, evidence, and validation data accumulated in the years of routine use. Finally, implementation of WGS brings along an order of magnitude higher load in terms of required processing capacities and data storage, which makes it more difficult for widespread diagnostic use in the current form. In comparison with EEA, WGS is expected to detect all classes of findings reported in the present study, while also enabling the detection of pathogenic small deletions/duplications and nonexonic causative variation. As the interpretation of a large subset of variants identified by WGS is still challenging in the clinical setting, we consider exome sequencing with extended analysis to present a favorable compromise to maximize diagnostic sensitivity, while still retaining the accessibility and economic efficiency of exome sequencing in the clinical setting.
In conclusion, we have shown that routine use of comprehensive EEA approaches improves diagnosis of rare diseases and in our study resulted in 4.2% increase of diagnostic yield of diagnostic exome sequencing. Furthermore, we have shown a minimal increase in interpretation workload per patient, making the introduction feasible in routine diagnostic settings.
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